Abstract-Highlights of the recent development of highly efficient and robust blue fluorescent organic light-emitting device (OLED) materials and devices are reviewed with emphasis on work accomplished at the
decision by Pioneer in 2003 announcing the use of one of United Display Corporation's (UDC) red phosphorescent dopants coupled with a BAlq-based host material in its new 1.1-in passive matrix 96 RGB 72 full-color subdisplay cellular phone has all but removed the last skepticism hanging over the intrinsic stability issue of phosphorescent materials worthy of production [2] . Similar improvement of extremely efficient green phosphorescent devices ( 40 cd/A) with operational stability of 20 000 h at an initial luminance of 1000 cd/cm and a 1931 Commission Internationale de L'Eclairage close to (0.31, 0.64) has also been disclosed by many which include UDC [3] , Chi Mei [4] , Covion [5] , [33] , and Canon [6] . It is expected that, in the future, we would also find one of these green phosphorescent materials ending up in some forms of OLED products in the marketplace.
Unfortunately, the same cannot be said for the state of the art of the phosphorescent blue emitter which remains to be the weakest link in the development of RGB phosphorescent materials. To date, the best triplet blue emitter reported with limited lifetime is due to UDC [7] which claimed to have achieved a luminous efficiency of about 30 cd/A at 100 cd/m with a sky blue (0.16, 0.38) and a lifetime of only 2000 h. A slightly deeper blue emitter of (0.14, 0.21) disclosed recently fairs no better with 19 cd/A at 100 cd/m and a similar dismal lifetime. Very recently, at the International Display Manufacturing Conference (IDMC) 2005, held in Taipei, Taiwan, Samsung SDI managed to disclose for the first time [8] a deep blue phosphorescent emitter with (0.15, 0.15) but only can last for 150 h. Part of the problems in producing a decent saturated blue phosphorescent emitter with lies in the fact that there is simply no good host material available that possesses sufficiently large triplet bandgap energy ( 3 eV) to effectively prevent triplet exciton of the dopant from quenching by back energy transfer, and the limitation of short-conjugated ligand selection for synthesizing transition metal-based metal-ligand charge-transfer (MLCT) complexes serves only to compound the already grave and aggravated situation [9] . All things considered, it suffices to predict that, in the foreseeable future, the advent of a robust phosphorescent blue emitter with all of the necessary attributes for high efficiency, saturated color, as well as device stability would be extremely difficult. In all likelihood, we will see the future high-resolution AM-OLED full color display products including the coveted TFT-OLED TVs, continue to be hybrid It is mainly for this reason that we have been focusing on the research and development of stable blue fluorescent materials and devices at the OLED laboratory of the Display Institute of National Chiao Tung University (NCTU), Taiwan, including the deep blue emitter which is defined arbitrarily as having a blue EL emission with . This review will account and summarize what has been discovered at NCTU in the last several years concerning the development of highly efficient and stable blue fluorescent emitters suitable for use in future high-resolution full-color RGB OLED displays. We will, when appropriate and applicable, cite related blue fluorescent dopant/host materials and device structures in the art and also compare our device performance with the best of what has been published in the literature.
II. IN SERARCH OF A ROBUST BLUE HOST MATERIAL
There are a number of stable blue host materials that have been disclosed in the literature which can be roughly categorized into several major classes of compounds, namely, diarylanthracene [10] , di(styryl)arylene (DSA) [11] , fluorene [12] , and pyrene [13] whose representative structures and corresponding acronyms are shown in Fig. 1 . Unfortunately, not all detailed information about these host molecules are known however, as most of these compounds remain trade secrets by the companies who invented them and tend to guard them from full disclosure even after years of having been granted intellectual rights and patent protection. Some tend to release only their best device performance without any reference to chemical structures which are often represented by mere catalog numbers. Others will show part of a general structure but choose only to publish their best EL performance without having anything to do with the structures that were attached in the paper. The worst are those who deceptively disclosed the wrong structure to mislead and misinform the public. The upside is that one sees that OLED performance is breaking new ground and making progress almost every other month. However, for the OLED scientific community, the long-term effect is that most of these exorbitant claims and results cannot be independently verified which makes any further improvement extremely difficult, if not impossible. One wonders whether this tactic is helping to promote and grow the OLED technology or actually hampering it.
A. Diarylanthracenes
We made a conscientious decision to follow up the work published by Shi and Tang at Kodak [10] Thus, we made further study of ADN as blue host material which revealed that its thin-film morphology is rather unstable and tends to deteriorate under prolonged electrical stress or annealing at elevated temperatures (95 C), and its color is also a little too green [14] . Subsequently, in attempts to improve the emissive color, the tert-butyl substituted derivative, 2-( -butyl)-9,10-(2-naphthyl)anthracene (TBADN), was described by the Kodak group in a European patent [15] . Using the same dopant and device configuration, TBADN was able to generate a somewhat deeper blue emission of (0.13, 0.19), but its efficiency was considerably lower, and unfortunately there was disclosed neither morphological nor device stability data.
In an effort to improve the thin-film morphological stability of ADN by molecular engineering, several multi--butyl-substituted ADN derivatives, such as 2,6-( -butyl)-9,10-(2-naphthyl)anthracene (DTBADN) and 2,6-( -butyl)-9,10-[6-( -butyl)-2-naphthyl]anthracene (TTBADN) were synthesized and compared with ADN and TBADN (Fig. 2) . It was discovered however, by virtue of its inductive effect, that the -butyl groups could cause significant bathochromic shift of ADN's fluorescence in both of these derivatives and lower its photoluminescent quantum efficiency as well. It was also suggested that the greenish color and low EL efficiency of DTBADN and TTBADN could be due to the bulky -butyl groups which tend to twist the chromophore of ADN as revealed by computer simulations using the Quantum CAChe (v. 5.02) program. Recently, we have also found that the bulky -butyl substitution on ADN-based films could also significantly impact on their carrier mobility [16] .
In order to enhance the thin-film morphological stability of ADN without adversely effecting its EL emission, efficiency and charge-carrier mobility, we began a systematic study of alkyl substitution on the 2-position of ADN. It was found that the best way to stabilize the morphology of ADN was to strategically place a relatively small methyl-group at C-2 position of the anthracene moiety-i.e. 2-methyl-9,10-(2-napthyl)anthracene (MADN) which can readily be synthesized by Suzuki coupling of the 2-methyl-9,10-dibromo-anthracene with 2-(napthyl)boronic acid according to a known procedure [17] . By computer simulation, we find that the symmetry and close molecular packing of ADN is disrupted by the methyl substituent in the space group which results in the increase of the intermolecular distance. As a result, the thin-film surface morphology of MADN is considerably more robust than that of ADN as revealed by the AFM photographs before and after annealing (Fig. 3) . The small methyl substituent seems to have little effect on the LUMO/HOMO level of ADN which remains at 2.5/5.5 eV with a bandgap energy of 3 eV. Table I shows the comparison of solution PLs of various substituted ADN derivatives in toluene along with its thermal properties. In comparison with their solution PL fluorescence and relative quantum efficiency in toluene, both MADN and TBADN have better efficiency than those of ADN. Low-temperature PL studies revealed also that both MADN and TBADN have different vibronic levels which shift their luminescence peaks significantly enough that their CIE color coordinates move to deep blue and therefore have potential for deep blue OLED application [18] .
Comparison of their EL performance in a microcavity optimized device structure of ITO/CF NPB nm blue nm Alq nm LiF nm Al nm showed MADN had the best luminous efficiency of 1.4 cd/A and the lowest drive voltage of 6.2 V (measured at 20 mA/cm ) with also the bluest color of (0.15, 0.10) that is identical to that of TBADN, as shown in the inset of Fig. 4 . Device stability data of all three nondoped devices depicted in Fig. 4 confirmed that MADN indeed stands out as the best in the diarylanthracene-type of blue hosts with a projected lifetime of about 7000 h at an initial luminance of 100 cd/m which is nearly 7 and 3 longer than those of TBADN and ADN, respectively.
B. Di(styryl)Arylenes
Another famous blue host material known as DPVBi in the OLED community was first published by Hosokawa and coworkers at Idemitsu [11] . The key to its molecular design is the terminally substituted (phenyl)styryl group which is supposed to lock the styryl-conjugated chromophore in the planar conformation by twisting the extra bulky phenyl group out of the plane assumed by the (phenyl)styrene chromophore. It has a LUMO/HOMO level of near 2.8/5.9 eV with a wide bandgap energy of 3.1 eV, which is similar to that of the ADN series. The structure that was released subsequently in all of their papers with excellent EL performance [11] had a biphenyl core, as shown in Fig. 5 . However, on further scrutiny, it became increasingly clear that the DPVBi as disclosed could not have been a good blue host material since it has a relative quantum efficiency in toluene of only about 38%, which is too low for efficient Förster energy transfer. One can only guess what the authors' intentions were in disclosing the wrong structure in relation to the best device EL performance that was claimed at that time. The clue to the true identity of this well-disguised blue host was not revealed until only recently when, at the SID 2004 (International Conference of Society for Information Display, 2004) [19] , the structure (here abbreviated as DPVPA) in which the center biphenyl core of DPVBi has been replaced by the diphenylanthracene was reported in an oral presentation, albeit it was purely unintentional. We, along with other laboratories, began to look into DPVPA earnestly as a potential robust blue host material [20] to be compared with MADN. Indeed, it was quickly found that the quantum efficiency is about 2.6 times better than that of DPVBi and a solution (toluene) fluorescence of 448 nm, which is also about 20 nm green shifted due to the relatively longer conjugation (Fig. 5) .
In EL performance as an undoped device using the same structure of ITO CF NPB nm nm Alq nm LiF nm Al nm , we found that DPVPA with an external quantum efficiency (EQE) of 3% is more efficient than MADN (EQE 1.5%) but its color appears greener with a (0.14, 0.17). The detailed comparison of their EL performances are made in Table II , in which we find that the drive voltage of MADN is about 20% lower than that of DPVPA, which suggests that the carrier transport property of MADN is much better as revealed in the -curve shown in Fig. 6 . In terms of device stability, the extrapolated lifetime of MADN of 7000 h at a normalized luminance of cd/m is actually better than that of DPVPA with 5600 h. 
III. SKY BLUE DOPANT MATERIALS AND DEVICES
Since the stability and color saturation of blue fluorescent OLEDs are two of the most critical concerns of today, we felt in many ways, as described in the last section, that the MADN as a host material is better than DPVPA even though its luminance efficiency is lower. However, that should pose no problem as, with its wide bandgap energy and greater operational stability, the enhancement of EL efficiency can be readily realized with the judicious selection of a matching dopant for efficient Förster energy transfer.
A. Tetra(t-butyl)Perylene (TBP)
In terms of structure, one of the most stable blue dopants is TBP, as it contains no functional group that is chemically, thermally, or photolytically sensitive (Fig. 7) . Consequently, TBP was the first blue dopant used by Kodak to provide high efficiency and device stability [10] . Unfortunately, because of its rigidity and planarity, TBP having a small Stoke shift can only produce a sky-blue emission, which appears to be also easily subjected to concentration quenching. As shown in Table II , the best device performance obtained by doping 0.5%v/v in MADN of about 5000 h with an initial luminance of 680 cd/m , the lack of functional group on perylene makes it almost impossible to change the chromophore and tune its emissive color at will.
B. Diphenylamino-di(styryl)Arylene(DSA-Ph)
The other stable sky-blue dopant whose structure was recently published by Suzuki and coworkers of Canon [21] is known as IDE-102. In this paper, it is reported to have a (di-ptoyl)aminostyrene with a biphenyl core structure, as shown in Fig. 7 . Chromophores of this type of structure are particularly easy to manipulate by molecular engineering either via change in the (aryl)aminostyryl end of the structure or via change of the center core. Bits and pieces of information regarding the EL performance of this dopant have been disclosed by Hosokawa and coworkers at Idemitsu in the past, but never with a structure [22] .
We chose to work with a similar but much simpler dopant of the structure of (diphenyl)aminostyryl benzene [23] hitherto abbreviated as DSA-Ph, as shown in Fig. 7 . It has an absorption of 410 nm and a fluorescence of 458 nm with FWHM of 54 nm and a LUMO/HOMO level of 2.7/5.4 eV with a bandgap energy of 2.7 eV. In Fig. 8 , the solution (toluene) absorption and fluorescence spectra of DSA-Ph are overlaid with the fluorescence spectra of host MADN and DPVPA. We found there is greater overlap for more efficient Förster energy transfer in MADN than in DPVPA.
In our standard blue device structure as described earlier, 3% DSA-Ph doped in MADN achieved a luminance efficiency of 9.7 cd/A and 5.5 lm/W at 20 mA/cm and 5. Table II . The better transport property of host MADN molecules than that of DPVPA is evident as reflected in its much lowered drive voltage by nearly 1 V. From the energy diagram shown in Fig. 9 , the DSA-Ph dopant can effectively provide an energetically favorable pathway for both e and h transported into the emitter for recombination [24] . DSA-Ph doped in MADN also greatly suppressed the current-induced quenching, as shown in Fig. 10 , in which the device stability measured at a constant dc drive of 20 mA/cm is also compared with that of DPVPA. The stability of the 3% DSA-Ph doped MADN device is expected to last 46 000 h at cd/m . We also disclosed in IDMC 2005 that the efficiency of this sky-blue emitter could be enhanced further by introducing a composite hole transport layer made of CuPc and NPB in the multilayered structure of ITO CF HTL/NPB DSA-Ph MADN Alq/LiF/Al . This new emitter has achieved EL efficiency of 16.2 cd/A and 7.86 lm/W with a (0.15, 0.29) at 6.4 V (20 mA/cm ) and an EQE of 8.7%, which is to our knowledge one of the best ever reported for the fluorescent sky-blue emitters in OLEDs [25] .
C. Development of White OLED
Recently, the white OLED coupled with an RGB color filter has become increasingly popular as one of the major methodologies for fabricating high-resolution full-color devices [26] . This is primarily due to cost and mass production considerations as the discreet RGB pixelation process can be accomplished without the use of tedious and troublesome shadow masks. One of the key elements in many of today's white OLED compositions is a highly efficient and robust sky-blue emitter which can be coupled with a yellow or orange emitter to form the white light additively. In NCTU, we used a sterically hindered yellow dopant, 2,8-( -butyl)-5,11-[4-( -butyl)phenyl]-6,12-diphenylnaphthacene (TBRb) in NPB to compose the two-element white OLED with the stable sky-blue emitter DSA-Ph doped in MADN (Fig. 11 ) from which an EL efficiency of 12.8 cd/A and 4.3 lm/W at 20 mA/cm with (0.31, 0.38) was obtained [27] . The EL spectra of this white emission and its device operational stability at constant dc drive at 20 mA/cm are shown in Fig. 12 . The stability of this white OLED is 3000 h with cd/m which is estimated to last more than 60 000 h at . 
IV. DEEP BLUE DOPANT MATERIALS AND DEVICE
Besides the sky-blue emitter, it is also highly desirable to develop organic EL that emits in the deep blue region [28] , since such an emitter can reduce the power consumption of a full-color OLED and can be utilized to generate light of other colors by energy cascading to a suitable emissive dopant. Fig. 13 shows a plot of blue color coordinate versus power consumption in the composition of white balance in a full-color OLED in which substantial savings of power can be obtained if the blue emitter has a deep blue emission with .
A. Deep Blue Dopant Material Engineering
Since hypsochromically shifting TBP's emission is very difficult, we instead modify the basic DSA-Ph chromophore in order to turn its color to deeper blue. Besides, DSA-Ph-doped devices have been shown to be more efficient and just as stable as those of TBP in MADN. From the material design and synthetic point of view, the most straightforward solution is to shorten the conjugation length (chromophore) of the di(styryl)benzene-based dopant to the mono-styrylbenzene-based core, as represented by the general structure shown in Fig. 14 . By modifying the substituents attached to the nitrogen ( and ) as well as to the styrene ( and ), it is possible to optimize the structure to achieve various desirable emissions in the deeper blue region of the visible spectrum. This is exemplified in the solution PLs of BD-1, BD-2, and BD-3 in toluene as compared with DSA-Ph in Fig. 14 . Their spectroscopic properties are summarized in Table III. Their peak fluorescence is all within the range of 430-450 nm and the FWHM are around 60 nm, which is about 20 nm blue-shifted from that of the sky blue dopant, DSA-Ph. The hypsochromic shift is the result of molecular engineering by tuning the chromophoric conjugation length as well as modifying the aromatic substituents of the amine-based dopant. Fig. 15 shows the EL spectra of the undoped and BD-1 doped MADN devices (driven at 20 mA/cm ). The spectra of undoped and BD-1 doped devices exhibit one dominant peak at 440 nm with a full-width at half-maximum (FWHM) of 56 nm and 452 nm with a FWHM of 60 nm, respectively. The coordinates of the BD-1 doped MADN devices is (0.15, 0.11). At the optimal doping concentration of 3%, BD-1 device achieved an EL efficiency of 2.2 cd/A at 20 mA/cm and 6.1 V with an EQE of 2.3%. Fig. 16 shows the comparison of luminance-current density-voltage (B-I-V) characteristics of the BD-1 doped device with and without 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) as hole blocking layer (HBL) interposed between the emissive layer (EML) and Alq . We discovered that the EL efficiency of the device with HBL (driven at 20 mA/cm ) could be significantly enhanced as much as 100% as compared to that of the conventional device [29] . The coordinates of the BD-1 doped MADN devices with BCP is (0.15, 0.13). At an optimal concentration of 7% doping, BD-1 device achieved an EL efficiency of 3.9 cd/A and 2.0 lm/W at 20 mA/cm and 6.2 V. We attribute the dramatic increase in efficiency to the formation of a narrow recombination zone, in which both charge carriers and exciton are confined [30] . In addition, it is worth noting that, when BCP is used as the HBL in most other devices reported in the literature, the driving voltage is often increased. This phenomenon has been rationalized by the poor electron mobility of BCP that is lower than that of Alq [31] . But, in our experiment, the -characteristics of both device configurations (with and without HBL) were essentially identical. We attribute this result to the characteristic amine-based dopant, which has a high hole-transporting mobility [27] and a low ionization energy potential that lies in between those of NPB and MADN. As a result, it provides a more effective pathway for the hole to inject directly from NPB to the dopant for recombination rather than from NPB to host MADN followed by exciton energy transfer. Consequently, the low electron mobility of BCP will not significantly impact on the drive voltage of this device under this model, which also partially explains why we need an unusually high concentration (7%) of BD-1 to get the best EL performance.
B. Deep Blue Device With Hole-Blocking Layer (HBL)
The other deep blue dopants, BD-2 and BD-3 doped MADN devices, were also fabricated accordingly. The detailed EL performances are summarized in Table IV . The voltage, luminance yields, color coordinates, and power efficiencies were measured at 20 mA/cm . The EL efficiency of BD-2 and BD-3 doped devices were 5.1 and 5.6 cd/A with color coordinate of (0.14, 0.16) and (0.14, 0.17), respectively. Their maximum EQE of 4.2% is close to the theoretical limit of fluorescence-based OLEDs of today.
C. Deep Blue Device With a Composite Hole-Transport Layer ( -HTL)
Another way to enhance the EL efficiency of the deep blue fluorescent device developed at NCTU is to better balance the hand e-carriers arriving at the recombination zone. This is accomplished by inserting a composite hole-transport layer ( -HTL) made of CuPc and NPB in between the hole injection layer of and the HTL of NPB to which we alluded earlier. In our study, two blue devices have been fabricated. Device I is a standard blue device. Device II is the blue device incorporating the -HTL. Detailed device architectures are shown in Fig. 17 , where CF is the hole-injection layer, -HTL and NPB as a whole are the hole transport layer, BD-1 doped MADN is the blue emitter, Alq is the electron transport layer, and LiF/Al is the cathode. Fig. 18 shows the -curves of these blue devices. A higher operating voltage was observed in the device with -HTL compared to that of the standard device, which is attributed to the "hole-impedance" of CuPc. Fig. 19 shows the plot of luminance yield versus current density of these blue devices. The dramatic enhancement in luminance yield by incorporating -HTL or HBL is believed to result from better carrier recombination at the emitting zone. However, the mechanisms are different in each case. In the case of HBL, holes are accumulated at the EML/HBL interface, which gives rise to a narrow recombination zone, whereas in the case of -HTL the hole transport was reduced, which results in the formation of a recombination zone that can be much broader and diffused. A broad emission zone is likely to have a beneficial effect on luminance efficiency since the probability of quenching of the singlet excited states by polarons would be reduced [32] .
The overall EL performances of these blue devices are summarized in Table V . Compared with the luminous efficiency of the blue device with HBL (4.1 cd/A), the blue device with -HTL has been improved to 5.4 cd/A with a coordinates of (0.14, 0.13) and a power efficiency of 2.5 lm/W and EQE of 5.1% (20 mA/cm ) at 6.8 V. Fig. 20 summarizes the advantage of incorporating the -HTL in the doped blue devices studied in this paper in terms of overall luminance efficiency gain, namely, BD-1, TBP, and DSA-Phdoped MADN blue OLED devices. The overall performance of NCTU's doped blue emitters, which includes efficiency, lifetime, and , are benchmarked against the best reported data by Idemitsu, Kodak, and Canon in Fig. 21 .
V. CONCLUSION
This paper reviews some of the recent development of highly efficient and stable blue fluorescent dopant materials and devices with emphasis on research accomplished at the OLED Laboratory of the Display Institute at NCTU in the last few years. For full-color OLED applications, it is critical to consider not only efficiency and device stability, but also the color. To achieve maximum overall performance, it is necessary to use the "system approach" in optimizing not only the emissive layer but also the device architecture, in which many layers are of equal importance and play a complementary role. Judging by the state of the art of blue fluorescent materials and device highlighted in this paper, we believe it is now ripe for full-color OLEDs to move into the next phase of commercialization in which the blue fluorescent emitter could play a key role in its success in the marketplace in the foreseeable future.
